Abstract-The paper deals with the propagation of electromagnetic waves through twisted clad dielectric optical fibers. The structure of these fibers is analogous to travelling wave tubes used in microwave devices, and the usefulness would be in the areas of optical sensing. This is because the twists in fiber would be affected due to the imposed stress and/or strain, leaving thereby the possibility to alter the propagation characteristics. A rigorous analytical investigation has been carried out with the emphasis on the energy flux density patterns due to the different propagating modes in the fiber. The dispersion relations of the system are deduced and the energy flux densities are evaluated under different pitch angles of twist. The effect due to conducting helix pitch on the electromagnetic wave propagation is emphasized.
INTRODUCTION
The usefulness of optical waveguides has been obvious in varieties of applications that include the areas related to optical communications, photonics and integrated optical devices. During the last couple of decades, considerable amount of investigations have been reported, by taking into account varieties of guides with different structures and compositions [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] . Within the context, twisted clad optical fiber is of special type in which the fiber core is bounded with conducting helical windings [18] [19] [20] . These are complex guiding structures wherein the pitch angle of twists (at the core-clad boundary) is used to tailor the dispersion behavior as well as the energy flux density corresponding to different sustained modes.
Twisted structures are commonly implemented in travelling wave tubes (TWTs) for microwave generation [21] . The use of these in the case of cylindrical and elliptical dielectric optical fibers have been reported in the literature [18] [19] [20] . To a more complex stage, studies of chiral and liquid crystal fibers with a loading of twisted conducting structures at the core-clad interface have been presented [22, 23] .
Investigations of twisted clad cylindrical and/or elliptical structures reported so far have been limited to the estimation of dispersion characteristics of the guide and the effects due to varying pitch angles. However, the flux density characteristics of these guides have not yet been given enough attention. In the present communication, we aim to study the energy flux density patterns corresponding to the sustained modes in dielectric cylindrical core waveguides with conducting helical windings. The eigenvalue equations of the guide are deduced corresponding to the situations of parallel and perpendicular orientations of the sheath helical wraps with respect to the optical axis of the guide, which give information about the sustained modes. Energy flux density patterns propagating through the guide are then evaluated based on the effects due the loaded helix pitch angle.
THEORY
We consider a dielectric step-index optical fiber having circular crosssection having radius a, which is loaded with conducting sheath helical windings at the core-clad interface, as shown in Fig. 1 . In this connection, it must be noted that these conducting helical turns are tightly bound, but still insulated from each other. The refractive index (RI) values of core and the infinitely extended clad sections are n 1 and n 2 , respectively, and the optical axis of fiber is aligned to the z-direction. Also, ψ represents the pitch angle of helix, i.e., the angle that conducting helical turns make with the optical axis of fiber. Considering the time t-and axis z-harmonic waves to propagate in the fiber, the transverse and the longitudinal components of fields in the core/clad regions may be obtained [24] as follows:
In these equations, the subscripts 1 and 2, respectively, indicate the situations in the core and the clad sections, ε and µ, respectively, represent the permittivity and the permeability of fiber mediums, and A 1 , B 1 , C 1 and D 1 are unknown constants to be determined by the boundary conditions. Also, the parameters u and w are, respectively,
2 with β as the axial propagation constant and k as the free-space propagation constant. Further, J ν (•) and K ν (•), respectively, represent Bessel and the modified Bessel functions [26] . Now, these field equations can be treated under the use of suitable boundary conditions, as discussed in Ref. [25] , to obtain the dispersion relations of the guide. It is noteworthy that, in the present case of core-clad interface (of optical fiber), the electric field will vanish along the direction of helix pitch, and will remain continuous along the direction perpendicular to the pitch. Further, the tangential components of magnetic field will be continuous at the core-clad interface. Following the procedure in Ref. [19] , it can be shown that the dispersion relation of fiber will assume the general simplified form as
where
A proper treatment of electromagnetic fields (in Eqs. (1), (2), (3) and (4)) in the fiber will provide the energy flux densities [27] in the core (S zc ) and clad (S zcl ) sections, as stated below:
with Φ = J 
with
ψ − w cos ψ, P = jωµaK ν (wa) sin ψ − wcos 2 ψ, and Q = jωµaK ν (wa) sin ψ − βνK ν (wa).
RESULTS AND DISCUSSION
We now make an attempt to investigate the propagation patterns of flux density into the fiber, which is considered to be bounded with right-handed conducting sheath helix at the core-clad interface. In this stream, flux densities corresponding to the two low order modes EH 11 and EH 12 are given attention under the situation of helix pitch as 0 • , 45 • and 90 • . For this purpose, we consider the operating wavelength to be 1.55 µm, and the different values of core radius as 10 µm, 20 µm and 50 µm along with the assumption of the guide to have an infinitely extended clad. Also, the RIs values are taken as n 1 = 1.49 and n 2 = 1.47. In order to obtain the propagation constants corresponding to the aforesaid modes, the eigenvalue Eq. (5) dimensional as well as pitch angle values, as stated above. In these figures, solid and dashed lines, respectively, correspond to the situations of EH 11 and EH 12 modes. Considering the fiber radius as 10 µm, Fig. 2 depicts the patterns of flux density in the fiber core, whereas those in the clad region are shown in Fig. 3 . We observe from Fig. 2 that, corresponding to all pitch angles of the loaded conducting sheath helix, flux exhibits oscillatory trend, and decreases as the core-clad interface is reached. Comparing  Figs. 2(a), 2(b) and 2(c), we observe that, corresponding to the EH 11 mode, the flux density is mostly confined near the central region of the fiber core, which is in contrast to the case of EH 12 mode as it shows the minimum flux at the fiber center. Also, for all pitch angles, the EH 11 mode shows larger average value of flux density than the higher order EH 12 mode. This characteristic is repeated for all the chosen angles of helix pitch, and the average value of flux decreases with increasing radial parameter. The higher value of flux corresponding to the EH 11 is justified as the higher order EH 12 mode will essentially loose some amount of energy due to the dispersion mechanism. The maximum confinement of flux in the central region is achieved corresponding to the case of 0 • pitch, and it is seen to be positive for 0 • and 45 • values of helix pitch. Corresponding to 90 • pitch angle, we observe that EH 11 and EH 12 both exhibit negative values of flux density. All these features indicate that the loaded sheath helix plays greatly important role in governing the dispersion characteristics of fiber. For the same fiber dimension, we observe from Fig. 3 that the flux density in the clad section remains extremely small as compared to that in the core region. For all the three values of chosen helix pitch angles, the EH 11 and EH 12 modes both exhibit almost similar trends of flux (Figs. 3(a), 3(b) and 3(c) ) -it is a little higher near the core-clad interface, and then becomes almost zero with increasing radial parameter. We observe that the flux density in the clad section is maximum corresponding to 90 • pitch angle (Fig. 3(c) ), i.e., for the parallel orientation of helix with respect to the optical axis, though it is quite negligible as compared to the flux in the fiber core.
An increase of fiber radius to 20 µm makes the energy flux density patterns in the fiber core to acquire more oscillatory trend, as can be observed from Fig. 4 . This is very much expected as a wider dimension allows more room for the power to propagate. Another noticeable change can be observed corresponding to 45 • pitch as the flux confinement due to the EH 11 mode is slightly increased in the central region of fiber core as compared to the situation of Fig. 2(b) . Apart from this, we find the other trends to be similarly to what has been observed in the case of 10 µm core radius. These include the oscillatory trend of flux density patterns for the EH 11 and EH 12 modes, the EH 11 mode to have more confined flux in the central region of the fiber, and the negative flux density for the EH 11 and EH 12 modes corresponding to the case of 90 • helix pitch. Fig. 5 indicates the similar (to the case of Fig. 3 ) trends of flux density in the fiber clad too except the fact that it is further reduced in this case, as compared to what has been observed in Fig. 3 . Otherwise, for all the three values of pitch angles, both the EH 11 and EH 12 modes show exactly similar trend as noticed before -it does have negligibly small values in the neighborhood of core-clad interface, and vanishes with the increase in radial parameter.
A further increase of radial dimension to 50 µm brings in prime changes in flux density patterns in respect of the more oscillatory behavior of those, as can be observed in Fig. 6 . We notice that flux due to both the EH 11 and EH 12 modes exhibit more dense oscillations, which is essentially owing to the allowance of the sustained modes to have more rooms while propagating; flux decreases with increasing radial direction, and the case of 90 • helix pitch angle exhibits negative flux. In the clad section, the flux density is further reduced near the core-clad boundary (Fig. 7) as compared to the situations in Figs. 3 and 5. Apart from this, the other trends are almost similar to what observed in respect of lower fiber dimensions.
CONCLUSION
From the foregoing discussions, inference can be drawn that the loading of conducting sheath helix at the core-clad interface brings in alterations in the dispersion properties of fiber. Studies have been made considering a few values of helix pitch angles as well as fiber dimensions. It has been found that the propagation of flux density is greatly governed by the introduced helix pitch. As such, the propagation features of these guides can be tailored on demand, which would find potential optical applications.
